For several decades, the regulation of casein gene expression by the lactogenic hormones, prolactin and glucocorticoids, has provided an excellent model system in which to study how steroid and peptide hormones regulate gene expression. Early studies of casein gene regulation defi ned conserved sequence elements in the 5 ′ fl anking region of these genes, including one of which was identifi ed as a γ -interferon activation sequence (GAS). Although this site was thought to interact with a mammary gland-specifi c factor, purifi cation and cloning of this factor by Bernd Groner and his colleagues revealed it was instead a new member of the signal transducers and activators of transcription family, Stat5, which was expressed in many tissues. The exquisite tissue-specifi c expression of the casein genes was subsequently shown to depend not on a single transcription factor but on composite response elements that interacted with a number of ubiquitous transcription factors in response to the combinatorial effects of peptide and steroid hormone signaling. More recent studies have defi ned cooperative effects of prolactin and glucocorticoids as well as antagonistic effects of progesterone on the chromatin structure of both the casein gene proximal promoter region as well as a distal enhancer. Local chromatin modifi cations as well as long-range interactions facilitated by DNA looping are required for the hormonal regulation of β -casein gene expression. The casein genes are part of a large gene cluster, and the chromatin landscape of the entire cluster is regulated in a tissue-specifi c and developmental manner. Finally, newly discovered large non coding RNAs, such as the pregnancy-induced non coding RNA (PINC) may play an important role in the epigenetic regulation of mammary gland differentiation.
Introduction
The rapid (within 1 h) prolactin induction of casein mRNA was fi rst demonstrated using rat mammary organ explant cultures in a serum-free, chemically defi ned medium [1] . In these studies, the presence of hydrocortisone was required for maximal prolactin induction of casein mRNA, which was inhibited in a dose-dependent manner by progesterone. Although this system facilitated the investigation of the mechanisms by which a peptide hormone regulates rapid accumulation of a specifi c mRNA, it was not amenable to genetic manipulation. The availability of genomic constructs encoding the individual casein genes provided the alternative methods needed to identify those sequences required for tissue-specifi c and hormonal induction. The fi rst approach was to use comparative genomics to identify several conserved sequence elements in the 5 ′ fl anking DNA of several rat and bovine casein genes [2] . In particular, this identifi ed a conserved sequence element centered at approximately -90 bp 5 ′ to the start site of transcription, which was later shown to be similar to a γ -interferon activation sequence (GAS) site identifi ed in interferon-regulated genes [3] . These conserved 5 ′ fl anking sequences were hypothesized to contain potential cis -regulatory elements, which might be responsible for the coordinate expression of the functionally related casein genes during mammary gland development. To test this hypothesis, lines of transgenic mice were developed, which contained approximately 500 bp of the 5 ′ fl anking region along with the fi rst exon and 0.5 kb of the fi rst intron linked to a chloramphenicol acetyltransferase (Cat) reporter gene [4] . These sequences proved to be suffi cient to specifi cally target reporter gene expression to the mammary gland of lactating mice.
To further dissect the regulatory sequences responsible for hormonal induction of casein gene expression, however, a cell-based assay in which to test wild-type and mutated constructs was required. Unfortunately, it was not possible to demonstrate appropriate hormonal regulation of milk protein gene-reporter constructs in existing breast cancer cell lines despite the presence of prolactin and glucocorticoid receptors (GRs) in these cell lines. A major advance came with the development of the cloned mammary epithelial HC11 cell line [5] derived from the Comma-D cell line [6] . Prolactin regulation of β -casein gene expression was demonstrated in HC11 cells cultured on a plastic substratum instead of fl oating collagen gels or matrigel. Most importantly, appropriate hormonal regulation was observed using HC11 cells stably transfected with the β -casein-Cat reporter constructs [7] . These studies demonstrated that β -casein gene promoter activity was regulated by the hormone-induced relief of transcriptional repression and what was thought at the time to be a mammary-specifi c factor (MGF) [7] . In particular, site-directed mutagenesis was used to identify the importance of the GAS site that interacted with MGF and was required for prolactin induction. In these seminal studies, fi ve nuclear complexes including MGF were shown to interact with the conserved sequences identifi ed in the promoters of several casein genes. MGF was subsequently shown to be a novel member of the cytokine regulated transcription factor family, later designated as signal transducers and activators of gene transcription 5 (Stat5) and conferred the prolactin response. Furthermore, the nuclear factor Yin and Yang 1 (YY1) was shown to prevent the formation of a lactation-associated complex on the β -casein promoter [8, 9] . One major conclusion from these and other subsequent studies is that the hormonal and developmental-specifi c regulation of casein gene expression was mediated by composite response elements [10, 11] . Although these early studies were focused on the proximal casein promoter region, subsequent studies identifi ed a more distal β -casein gene enhancer region in several different mammalian genes [12 -14] . Furthermore, the casein genes were shown to exist in a mammalianspecifi c gene cluster [14] . Studies in transgenic mice using large cosmid clones suggested that there might even be distal-regulatory elements required for the developmental regulation of the entire cluster [15] . With this background, our laboratory initiated studies to answer the question how these hormonal and developmental cues were integrated not only at the level of the linear DNA sequence but rather in the context of the chromatin architecture of the casein genes.
Integration of prolactin and glucocorticoid signaling by ordered recruitment of specifi c transcription factors and chromatin modifi ers
The availability of several technologies, such as the chromatin immunoprecipitation (ChIP) assay [16] followed by either real-time quantitative PCR or more recently DNA sequencing (ChIP-seq) [17] has revolutionized our ability to analyze transcription factor interactions and chromatin modifi cations at specifi c genomic sites as well as globally. Development of the chromosome conformation capture (3C) assay has also provided a quantitative method to allow the identifi cation of physical interactions between chromatin segments of up to several hundred kilobases apart [18] . Using ChIP analysis, we examined the dynamics of recruitment of different transcription factors at the hormonally activated β -casein proximal promoter, as well as the more distal mouse β -casein enhancer, the latter located > 6 kb upstream of the transcription start site, using the HC11 cell model [19] . Both glucocorticoids and prolactin were required under the culture conditions used in these experiments, i.e., the use of charcoal-stripped horse serum to remove both steroid hormones and any prolactin capable of interacting with the mouse prolactin receptor. Hormonal stimulation of HC11 cells with Prl alone resulted in a rapid recruitment of Stat5 and histone deacetylases (HDAC) 1 to the β -casein promoter and enhancer and reciprocally the dissociation of YY-1 and HDAC3 from the proximal promoter, but this was not suffi cient to promote β -casein transcription. β -Casein gene transcription, however, required treatment with both prolactin and glucocorticoids and the synergistic interaction of the GR and the LAP (liver-enriched activating protein) isoform of CCAAT/ enhancer-binding protein β (C/EBP β ) followed by stable association of p300 and phosphorylated RNA polymerase (Pol) II at the promoter and enhancer. Glucocorticoids in the absence of prolactin resulted in a rapid acetylation of histone H3 at both the promoter and the enhancer despite the lack of known glucocorticoid response elements in the enhancer region. This suggested that that the GR may exert multiple functions: it may initiate chromatin remodeling required for transcription initiation and at the same time it may play a bridging role in β -casein activation through interactions with Stat5 and C/EBP β as well as binding to different coactivators, comodulators, and/or corepressors. Both extracellular matrix and prolactin-regulated transcription of the casein genes also require the concerted action of chromatin remodeling enzymes, such as SWI/SNF, as well as transcription factors and coactivators [20, 21] . ChIP analyses demonstrated that the ATPase activity of SWI/ SNF is necessary for recruitment of RNA transcriptional machinery, but not for binding of transcription factors or for histone acetylation [21] . Coimmunoprecipitation analyses also showed that the SWI/SNF complex is associated with STAT5, C/EBP β , and GR.
Lactogenic hormonal induction of long-distance interactions between β -casein gene regulatory elements
The similar kinetics of assembly of transcription factors, the coactivator p300, and RNA Pol II as well as histone acetylation at the proximal promoter and the distal enhancer suggested that these two regulatory regions might communicate with each other through protein:protein interactions. To test this hypothesis, 3C assays were performed in the presence of both prolactin and glucocorticoids and each hormone alone [22] . Stimulation with both prolactin and hydrocortisone was required for the induction of these long-range interactions between the promoter and the enhancer, and no DNA looping was observed in non-treated cells or cells treated with each of the hormones separately. The lactogenic hormoneinduced interaction between the proximal promoter and distal enhancer also was confi rmed in hormone-treated primary 3D mammary acini cultures and mammary gland tissue from lactating and non-lactating mice. This long-range interaction was more prevalent in the mammary gland from lactating mice than in MECs isolated from virgin mice. Furthermore, β -casein mRNA induction and long-range interactions between these regulatory regions were inhibited in a progestin-dependent manner after stimulation with prolactin and hydrocortisone in HC11 cells expressing the human progesterone receptor B isoform. In the absence of lactogenic hormones, both β -casein regulatory regions exhibited a constitutive dimethylation of lysine 9 of histone H3 (H3K9me2) [23] , a modifi cation usually associated with repressive chromatin structure. Progestins prevented dissociation of the corepressors YY1 and HDAC3 from the promoter as well as the demethylation of lysine 9 of histone 3 induced by Prl and glucocorticoids.
A model to explain the sequential formation of complexes leading to the activation of β -casein gene expression after hormonal stimulation
To summarize these studies, we proposed the following model reproduced in Figure 1 . In the absence of lactogenic hormones, YY-1 binds to the β -casein promoter presumably interacting with the LIP isoform of C/EBP β and HDAC3, which in turn results in the formation of H3K9me2 associated with a repressive chromatin structure. PrlR activation of Stat5 dimerization via Jak 2 phosphorylation followed by nuclear translocation and DNA binding promotes the rapid displacement of YY-1 and HDAC3 from the β -casein promoter. Activated Stat5 then binds to sites adjacent to the C/ EBP β binding sites at both the promoter and enhancer regulatory regions and recruits HDAC1. Consequently, HDAC1 may deacetylate C/EBP β LAP, and once deacetylated at specifi c sites, LAP-LAP homodimers and/or LAP-LIP heterodimers can bind with a high affi nity to their cognate DNA binding sites as well as interact with other transcription factors, such as GR. After hormonal stimulation with Prl and HC, the transcription factors Stat5, GR, and C/EBP β rapidly bind to their respective response elements within β -casein regulatory regions and recruit p300 through protein:protein interactions. The recruitment of the coactivator p300 facilitates histone acetylation, which in turn modifi es chromatin organization. Interactions between open chromatin structures at the promoter and enhancer mediated through these transcription factors and coactivators enable direct proteinprotein contacts facilitated by DNA looping. The formation of the active chromatin loop between distant regulatory elements facilitates binding of the basal transcriptional machinery to the DNA template and initiates transcription. Prolactin alone recruits Stat5 to a complex that is competent to recruit Pol II and stimulates a low level of transcription after 24 h. However, GR recruitment is essential to increase histone acetylation, resulting in an open chromatin structure at both regulatory regions. Thus, the combined treatment with both hormones is required for the formation of an active chromatin loop between the proximal promoter and distal enhancer to achieve maximal β -casein gene transcription. For simplicity, potential GR:Stat5 and GR:C/EBP β interactions with the distal enhancer are not shown in this fi gure but may help facilitate long-range looping. 
Developmental changes in the chromatin architecture of the casein gene locus
The casein genes comprise a mammalian-specifi c gene cluster containing three or four evolutionarily related casein genes and one physically linked gene ( κ -casein) with a functional association. [14] . Enrichment of H3K4me2 at some of these evolutionary conserved regions in the virgin MEC indicate that changes in epigenetic marks occurred much earlier in these regions than at the promoter and gene regions itself. These evolutionary conserved regions may therefore represent distal regulatory elements that establish a chromatin structure that facilitates 3D interactions leading to casein gene expression.
Long noncoding RNAs may play a role in mammary gland differentiation
Previously, our laboratory identifi ed pregnancy-induced noncoding RNA (PINC) as a gene whose expression was elevated in the involuted rat mammary compared with an age-matched virgin gland [24] . PINC is a mammalian-specifi c, evolutionary conserved, alternatively spliced, and polyadenylated long non coding RNA (lncRNA) whose expression is induced during pregnancy and then decreases at lactation [25, A.N. Shore et al., Unpublished observations] . We originally hypothesized that PINC might be involved in pregnancy-induced cell fate changes in the mammary gland presumably by affecting epigenetic reprogramming [26] . One feature of an emerging class of lncRNAs including PINC is an association with chromatin-modifying complexes. In fact, as many as 38 % of large intergenic non coding RNAs have been shown to interact with various chromatin-modifying complexes and 24 % specifi cally interact with polycomb repressive complex 2 (PRC2) [27] . Interestingly, PINC expression is signifi cantly decreased in response to hormonally induced differentiation of HC11 cells (A.N. Shore et al., Unpublished observations). Overexpression of PINC blocks lactogenic differentiation, whereas knockdown enhances markers of differentiation (A.N. Shore et al., Unpublished observations). Finally, PINC interacts with members of the PRC2 complex in both HC11 cells and mammary epithelial cells isolated from mice at day 16 of pregnancy, suggesting that it may be associated with repressive chromatin marks, such as H3K27me3 (A.N. Shore et al., Unpublished observations) . Although the precise gene targets of PINC as well as other novel lncRNAs recently shown to be regulated during mammary gland development [28] remain to be established, these studies illustrate a whole new level of complexity of gene regulation. Thus, the message from these studies is that both hormonal and developmental regulation of casein gene expression require more than the binding of a single transcription factor, such as Stat5. Cooperative interactions among several transcription factors and possibly non coding RNAs may be required, and these often result in both local and more distal changes in chromatin architecture.
